During a photoelectrochemical reaction only a portion of the light energy absorbed by the semiconductor (CdS or TiO2 single crystal) is utilized in the electrode reaction. The unused portion of energy is expended through various mechanisms as heat. Therefore by monitoring temperature changes within the photoanode as a function of electrode potential and light intensity, information concerning the efficiency of the process can be obtained. Experimental results are presented and interpreted using a model for the energy balance within the system. This permits the determination of the quantum and energy efficiencies simultaneously without the need to calibrate the light source.
(e.g,, the photodecomposition of water) and the conversion of solar energy to electricity have ,been reported (!-15). The major factors determining the efficacy of these semiconductor electrode ceils are the quantum efficiency for electron flow (i.e., number of electrons flowing/number of photons absorbed), and the power conversion efficiency (i.e., chemical or electrical power output/input radiant power). It is not uncommon to find near unity quantum yields for electron flow at a sufficiently high bias (positive for the case of n-type semiconductors) during irradiation with greater than bandgap energy light for many semiconductors. However, even when high quantum efficiencies have been obtained, the power efficiencies were much lower (10-15). For example, for photooxidation at a CdS single crystal anode, Wrighton et al. (15) reported that with an Se 2-solution the maximum monochromatic power efficiency obtained was 3.4% with a maximum quantum efficiency of 49%. Such findings demonstrate that the major part of the light energy absorbed by the semiconductor is not used for the photo-assisted oxidation but rather is converted to heat energy probably via radiationless transitions within the conduction band of the semiconductor (i.e., when the photon energy is in excess of the bandgap energy) or electron-hole recombination processes. Consequently, thermal measurements of the semiconductor electrode during etectroIysis can aid in the determination of the efficiencies and perhaps in the elucidation of the mechanism of the cell processes.
We recently described a new spectroscopic method called Photothermal Spectroscopy (PTS) (16) . This technique involves placing a thermistor on or in close proximity to a sample and measuring temperature changes (i.e., thermistor resistance changes) during sample irradiation with monochromatic light. This technique can be easily adapted to cases when the sample is a semiconductor electrode (17) . Cahen (18) has also shown that similar measurements with photoacoustic spectroscopy can be used to determine the efficiency of solid-state photovoltaic devices. We report in this paper measurements of the conversion of light energy to chemical and/or electrical energy at CdS and Ti02 photoanodes by direct determination of the temperature changes of semiconductor electrodes. The results were interpreted using a theoretical equation for the energy balance within the system. In this manner the quantum efficiency and power efficiency could be determined without calibration of the irradiation source.
Experimental
Procedure.--The basic photothermal experiment was essentially carried out as previously described with slight modifications (16, 17) . In these experiments the photoanodes studied were CdS and TiOz single crystals. The results reported here are for monochromatic radiation at wavelengths corresponding to energies greater than the bandgap energy (for example, for CdS, 490 nm). The photothermal responses were obtained for the photoanodes during both anodic polarization and under open-circuit conditions in the electrolyte solutions. The corresponding current and temperature changes were then plotted as a function of potential. Experiments were carried out in two laboratories with two different experimental setups (referred to as A and B).
InstrumentaL--Block diagrams of these are shown in Fig. 1 and 2 . The apparatus (A) in Fig. 1 employed a 500W high pressure mercury lamp (Ushio Electric Company Limited) housed in an Ushio Model UI-501C housing. A lens was used to focus the light beam and interference filters (Koshin Kogaku Company Limited) were employed to select the wavelength of exciting light. A shutter with two timers, made by special order for this experiment (Ishikawa Seisakusho Company Limited) was used to fix precisely the irradiation period. System B is shown in Fig. 2 . The light source was a 2500W short arc xenon lamp housed in an Oriel Model LH-152N housing. The output of the lamp was first chopped mechanically (on 20 sec; off 40 sec) and then focused using f/1 quartz optics on the entrance slit of a Jarrell-Ash Monochromator (Model 82-410). The resulting monochromatic light (10 nm bandpass) was then filtered of second order and finally focused on the photoanode within the electrochemical cell.
All cells were equipped with platinum counterelectrodes and saturated calomel reference electrodes (SCE). Irradiation was accomplished through optically flat windows both in the water baths and in the cells. The working electrodes were placed a sufficient distance from the cell window (,-,2 cm) to avoid any The monochromatic lamp intensity was measured precisely using either (A) a chemical actinometric method (potassium ferrous oxalate) or (B) an EG&G radiometer/photometer Model 550-1. All chemicals were of reagent grade and were used without further purification.
Results Previous studies with photothermal spectroscopy (PTS) have shown, that the temperature changes which occur upon light absorption correlate well with the results of optical absorption spectroscopy. This is demonstrated in the PTS of single crystal CdS (Fig.  4) where irradiation with light of energy greater than the bandgap produces electron-hole pairs which, if the semiconductor is not a fluorescent, phosphorescent, or photochemically active material, recombine through radiationless transitions to produce heat. Although the spectrum shown in this figure was observed for the sample in air, similar PTS spectra of smaller magnitude were measured in water. The magnitude of the observed signal depends on the thermal conductivity and the heat capacity of the sample and its environment.
When an n-type semiconductor is used as a photoanode of a photoelectrochemical cell, that portion of the impinging radiant energy which is not converted to electrical energy or stored as chemical energy is dissipated as heat. One source of this heat is the difference between the photon energy, E (=hv), and the bandgap energy, Eg; this represents radiationless processes within the conduction band after light absorption. Other factors leading to heat dissipation are the difference between the valence band energy level and the solution redox level, IEvB-Eredoxl and the difference (usually small) between the Fermi level and conduction band level, JEF, flatband --ECBI. Note that even when the quantum efficiency is unity, dissipation caused by these factors will cause heating at the elec~ode surface.
CdS/Fe(CN)6 s-, Fe(CN)64-system.--The photo-
thermal experiment was applied to the photo-oxidation of K4Fe(CN)6 at the CdS photoanode. The solution used was 0.1M K4Fe(CN)6, 0.001M K3Fe(CN)6, and 0.2M Na2SO4 as the electrolyte. Current-potential curves using the CdS electrode showed typical behavior of an n-type semiconductor electrode (VFB = --1.0V VS. SCE). The quantum efficiency of the CdS crystal was calculated to be nearly 100%, when the crystal was irradiated with greater than bandgap light (490 nm) (which was not absorbed by the electrolyte solution) and the electrode maintained at 2.0V vs. SCE. When the crystal was used as a photoanode in the solution, there was no change in photocurrent with time and no sulfur was detected on the surface after prolonged use. Therefore, we conclude that the K4Fe (CN)6 was the species oxidized and that the photoanode was stable in this solution.
The changes in temperature vs. time were measured at each applied potential while the photocurrent was recorded simultaneously. In the dark, no change in temperature was observed either at open circuit or at potentials positive of Vym where the observed currents were less than 10 -9 A/cm2. Figure 5 illustrates typical changes in temperature with time upon irradiation with greater than bandgap light (490 nm) at open-circuit condition and with various applied potentials. The temperature increased almost linearly when the light pulse was initiated. When the light pulse was terminated (after 20 sec irradiation) the temperature decreased quickly. We have already dis- 
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cussed this behavior in the simplified theory of PTS (16) . In Fig. 6 the temperature change vs. potential and the corresponding photocurrent-potential curves are experimentally plotted. These results are representative of those obtained with both systems. Compared with the heating observed at open circuit, the temperature increase was smaller at --0.SV and larger at 2.OV and 4.9V, respectively.
TiO2/HeS04 system.--As the TiO2 photoanode, three different TiO2 single crystals were used. Each was reductively treated under vacuum at various temperatures and for different lengths of time: (i) 3 hr at 650~
(ii) 3 hr at 550~ (iii) 4 hr at 800~ The experiments were conducted using each TiO2 single crystal electrode in a 1M sulfuric acid solution. Since the bandgap of TiO~ is 3.0 eV, the wavelength of the light chosen for irradiation was 370 nm. The irradiation period was fixed at 20 sec in each case. The results of a typical experiment using the first (and most efficient) TiO2 electrode are shown in Fig. 7 . The three different crystals showed quite different slopes for the temperature increase vs. potential curves. The semiconductor electrode which produced the largest photocurrent showed the steepest slope.
Theoretical Treatment
The experimental results can be interpreted by considering the energy balance within the photoelectrochemical cell. The first aspect of this formulation will be to examine a simple electrochemical reaction from a thermodynamic point of view to determine what information concerning the system can be obtained via thermal measurements. This model will then be modified to fit the constraints of the photoelectrochemical system which is slightly more complex yet very similar. The resulting thermal relationships will then be used to investigate the ouantitative aspects of various photoelectrochemical devices.
Calorimetry has been used by previous investigators to measure the enthalpy change (AHc) which occurs during an electrochemical reaction (19) . Such a syscan be described by the equation
where We is the electrical work into (or out of) the system and Q is the heat evolved in the system from reversible and irreversible work. The electrical work can be expressed in terms of current, voltage, and time ('Fit) and the heat evolved in terms of an entropy change for the whole cell reaction (TAS), activation energy, in terms of overpotential, n, (nit) and the contribution from electrode and solution resistance, R, (i2Rt). The total expression for the enthalpy is thus [2] This equation is directly applicable to the photoelectrochemical situation by considering two additional energy terms and by reevaluating the electrochemical cell in terms of energy in and out. For the case of a photoelectrochemical device one must now consider that the electrode is illuminated with a monochromatic light pulse having an energy E (eV/photon), with an average absorbed intensity I (photon/sec) for a time t (sec). Therefore the total energy put into the system per light pulse is EIt (eV). This energy can then either be used by the semiconductor to promote the electrode reaction with production of electrical work (V/t) or evolved as heat in the semiconductor (Qsc) via recombination and other radiationless processes. The resulting equation for the overall photoelectrochemical reaction is ~H~ = QT -WT [3] where QT = TAS + ~it + i2Rt + Qsc [4] WT "-EIt+ Vii [ 
AHc = TAS + nit + i~Rt --Vit

5] therefore
AHc : TAS + ~it + i2RT + Qsc -EIt --Vit [6] Upon rearrangement the relationship between the measured quantity, QT, and the rest of the variables we obtain [7] This final equation can now be related to the actual photoelectrochemical experiment. Although determination of QT by calorimetric means is possible, in the photothermal experiments relative temperature changes are measured and these are used to extract the desired information. This is done by comparing QT
QT : Qsr + TAS + ~it + i2RT = EIt+ Vit+ ~Hc
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The corresponding relative change in temperature at the semiconductor surface can be represented by
where kAT is the heat lost by conduction from the electrode. Several assumptions must be made at this point concerning these temperature measurements. The first and most important is that temperature changes occurring on the electrode surface both in the semiconductor (Qsc) and in solution (T~S + nit + i2Rt) are equally detectable. This is a good assumption because in general, the thermal conductivity of the electrode is at least an order of magnitude greater than that of the solvent. Other assumptions which must be made to simplify the treatment are that the terms khT and i2RT are very small and can therefore be neglected. This is acceptable because the temperature changes measured are typically on the order of millidegrees and the total resistance is usually very low. Note that if the khT terms are not negligible, corrected values of aT can be obtained by extrapolation of the initial linear portion of the temperature rise with time to the value ATcorr at the time when the temperature begins to fall. In the activation term the overpotential, 0, is actually V --VFB (where VFB is the flatband potential of the semiconductor) so that Eq. 
Discussion
To illustrate the use of the Eq. [12] in obtaining the quantum and energy efficiencies, the results shown in Fig. 6 and 7 are replotted in Fig. 9 and 10, in which AT the ordinate is E --and the abscissa is (V --VF-). aT~
The left side of the equation can be given specific energy units to facilitate the mathematical treatment to finally yield
[12] AT ~ It where ~q _--i/I= quantum efficiency of the photooxidation and (Qsc + T~S)/lt is the total heat change (usually evolved) in the system (at the photoanode). Therefore under constant illumination condi-AT tions (i.e., EIt held constant) a plot of E --against aT o (V --VFB) yields the quantum efficiency, ~q, from the slope of the straight line and the loss term, (Qsc 4-aT ThS)/It, is obtained from the intercept of the E aT o axis at V ----VFB as shown in Fig. 8 . We define the single electrode, monochromatic energy efficiency of the system as EIt --Qs~ ~e = X 100 [ 
13] Eli
The efficiency as defined above can then be obtained by making the appropriate correction for the entropy chang e associated with the electrode reaction. The details associated with this correction are described in the following discussion. For the CdS/Fe(CN)83-, Fe(CN)64-system the temperature increase of 1.7 • 10-2~ which was measured at open circuit corresponds to E = 2.5 eV because 490 nm monochromatic light was used to excite the CdS electrode (Fig. 9) . In the limiting photocurrent region, we find a straight line with a slope equal to 1.0. This means that the quantum efficiency of the photoreaction on the CdS electrode is unity, which is similar to the value found from the photocurrent and the calibrated light intensity (number of photons striking the electrode). From the intercept of the Y-axis obtained by extrapolating the linear portion of the curve to the flatband potential, we can calculate the energy efficiency of the photosemiconductor reaction, if entropic heat attributable to the electrode reaction (T~S or the Peltier heat) can be obtained. The behavior known as the electrochemical Peltier effect (i.e., the entropy change at the electrode surface) has been investigated by Tamamushi (20) . This effect can be attributed to three contributions: the entropy of the electrode reaction, the entropy attributed to the migration of ions and electrons, and the entropy caused by electrochemical polarization. Tamamushi investigated this effect during a study of the electrochemistry of the K4Fe (CN) JKaFe (CN) 6 redox couple at a gold electrode. Cooling was observed during the oxidation step and heating occurred during reduction at potentials near the equilibrium potential; this can be attributed primarily to an entropy effect of the electrode reaction. This same effect must also be included in the photochemical reaction on the CdS surface.
CdS (490nm)
To obtain the appropriate corrections in our thermal measurements, the electrochemistry of the K4Fe (CN)6/ K3Fe (CN)6 couple at a platinum electrode was studied. The entropy effect was similar to that found by Tamamushi in which cooling occurred under the anodic polarization and an equal amount of heating occurred under the cathodic polarization. It is only necessary to make this further correction for the electrochemical reaction entropy near the equilibrium potential, because the polarization effect was already included in the ~]q(V --VFB) term in Eq. [8] and the migration effect would be negligible (the solution and the CdS electrode, resistivity = 1-2 ~l/cm, were both highly conductive).
In this same solution, heating was also observed during the dark cathodic reaction on the CdS electrode under nitrogen bubbling. The amount of heating was 3.4 • 10-z~ (which corresponds to 0.5 eV in this case), when a cathodic current of 850 ~A (which was the same as the saturated photoanodic current) was passed for 20 sec. Therefore, assuming that the photo~ anodic reaction entropy is equal but opposite to this entropy (from the results on the platinum electrode), the endothermic entropy change on the CdS photoanode for a 20 sec light pulse was determined to be 0.5 eV.
The value of the intercept in Fig. 9 , (Qsr + T~S)/It, was 1.0 eV. So, taking TAS/It = 0.5 eV (endothermic), we find Qsc/It = 1.5 eV. In this case (490 nm irradiation), the monochromatic energy conversion efficiency is I00 • Elt --QsJElt --10O • 1.0/2.5 --40%. This result is also consistent with the fact that only a fraction of the energy is being utilized for the oxidation of Fe(CN)64-to Fe (CN)63-; i.e., for the whole cell CdS/0.1M ILtFe (CN) 8; 0.001M I~Fe (CN) 6/Pt the maximum cell voltage obtainable is ]VFB --VredoxI 1.0V, while the energy of the incoming radiation is 2.5 eV (490 nm).
As shown in Fig. 10 for the TiO2/H2SO4 system, three different lines were obtained, with slopes of 0.7, 0.3, and 0.1. These correspond to the quantum efficiencies of the different TiO2 photoanodes. Again, as in the case of CdS, calculations using the intercepts of these lines can yield the various energy efficiencies. As is obvious from the results in Fig. 10 , the photoanode which shows the smallest quantum efficiency (i.e., smaller slope) has the largest intercept (i.e., the lowest energy conversion efficiency). To get the actual energy conversion efficiency, we must again correct for the Peltier entropy effect, which is proportional to the magnitude of the photocurrent. The oxidation on the TiO2 photoanode was oxygen evolution based on water decomposition. Contrary to the oxidation of Fe (CN) 64-as mentioned above, oxygen evolution on the electrode showed exothermic heating behavior, mainly due to the entropy of the electrochemical reaction. To make the appropriate corrections for this entropy effect the redvction of K~Fe(CN)~ was examine-d at TiO2 and platinum and the results compared to those observed during the oxidation of water at platinum. In this manner the magnitude of the entropy effect occurring during the photo-oxidation at TiO2 could be estimated. When the anodic photocurrent was 1.8 mA (No. 1 in Fig. 10) , it was found that the entropy effect corresponded to 0.5 eV. Therefore for electrode i, since E = 3.5 eV (340 nm), Q~c + TAS/It = 2.7 eV (from the intercept), and T~S/It = --0.5 eV (the entropy effect). Therefore, Qsc/It = 2.2 eV. The energy conversion efficiency can be determined as
The fraction of the photon energy that is not used in the oxidation of the redox species is dissipated as heat via two possible mechanisms as shown in Fig. 11 . The first mechanism, (a), represents the filling of a valence band hole by the reduced species in solution to produce a vibrationally excited species. This energy is quickly dissipated in the solution as heat. The second mechanism, (b), represents the isoenergetic electron transfer from the reduced species in solution to a surface state which then recombines with a hole in the valence band of the semiconductor, with the heat dissipated in the semiconductor itself. However, at this time we can not distinguish the difference between heat produced in solution or heat on the electrode itself. Therefore neither mechanism can be verified using only the temperature measurement.
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Conclusion
By in situ temperature measurements of the semiconductor electrode, the quantum and energy efficiency of the electrode reaction could be obtained. The advantage of this type of measurement 'ties in the fact that it is a relative measurement and therefore does not depend upon knowing the light intensity. This eliminates the need for calibration of the excitation source and establishes a method by which results in different laboratories can be compared more easily. A disadvantage of the technique is that the precision of the measurements (~ • limits its use to the more efficient systems.
In considering the efficiencies obtained in this manner one should note that the results presented refer to the efficiency of the electrode reaction and not to the entire photoelectrochemical cell. In this work no attention was given to the reaction occurring at the counterelectrode or to whether the cell was photovoltaic or photosynthetic. In order to treat the entire system thermal measurements during the cell reaction would be necessary. Such measurements could be carried out in a manner similar to that described above or by placing the entire photoelectrochemical cell in a photocalorimeter and measuring the overall thermal change of the cell resulting from illumination. By using the former method both the electrode and cell efficiencies could be determined while calorimetric techniques would only yield the cell efficienCy.
